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We extend our previous molecular dynamics experiments Rodriguez et al., J. Phys. Chem. B 109,
24427 2005 to the analysis of the adsorption of catanionic surfactants at water/air interfaces, at a
surfactant coverage close to that of the saturated monolayer: 30.3 Å2 per headgroup. The mixture of
surfactants investigated corresponds to equal amounts of dodecytrimethylammonium DTA and
dodecylsulfate DS. The structure of the interface is analyzed in terms of the local densities and
orientational correlations of all relevant interfacial species. In accordance with experimental
evidence, the DTA headgroups penetrate deeper into the aqueous substrate than the DS ones,
although the average positions of all headgroups, with respect to the interface, lie in positions
somewhat more external than the ones observed at lower coverages. Average tail tilts are close to
45°. The characteristics of the headgroup-water substrate correlations are also analyzed using a
tessellation procedure of the interface. The density and polarization responses of the interfacial
domains closest to the DS headgroups are enhanced, compared to those adjacent to the DTA
detergents. Dynamical aspects related to the diffusion and to the orientational correlations of
different water layers in close contact with the surfactant are also investigated. © 2007 American
Institute of Physics. DOI: 10.1063/1.2779876
I. INTRODUCTION
Many technological and practical applications of tenso-
active substances make use of the particular physicochemical
properties exhibited by surfactant mixtures.1 In particular,
blends comprising anionic and cationic surfactants lead to
peculiar combinations, normally referred to as catanionic
solutions.2 Depending on the individual concentrations of
each component, these systems may present a rich variety of
strongly structured phases. Among others, the list includes
micelles, vesicles, swollen lamellar phases, and flat nano-
disks, whose linear dimensions may extend up to several
hundreds of nanometers.3–7 All these self-assembled struc-
tures exhibit properties well differentiated from those ob-
served in much simpler, i.e., one component, surfactant so-
lutions. These distinctive features, in turn, are manifested in
larger absorptions, unusually strong surface activity, and
shifts in the critical micellar concentrations, to quote just a
few important examples.8,9 At a microscopic level, the ori-
gins of this synergism is usually ascribed to the strong Cou-
lomb coupling that prevails in the interactions between the
oppositely charged headgroups.
Concerning the behavior of these mixtures acting as
coating films at air/water interfaces, a molecular interpreta-
tion based on the sole consideration of the Coulomb interac-
tions is somewhat incomplete. There is a large body of ex-
perimental information available10–15 that shows that the
dynamic and equilibrium properties of the resulting inter-
faces are also very much dependent on the branching and
chain lengths of the hydrophobic segments of the individual
surfactants. In contrast, from the theoretical side, the infor-
mation available on these complex mixtures is not that abun-
dant and have mainly focused on predictions of their thermo-
dynamic properties based on classical theories of liquid
mixtures.16–19 In addition, a few computer simulation studies
have also been undertaken,20–22 although the systems inves-
tigated included anionic/nonionic mixtures adsorbed at air/
water and liquid/liquid interfaces exclusively. Using molecu-
lar dynamics techniques, we recently performed a first
exploratory study23 of the structural features of one of the
simplest catanionic surfactant mixtures comprising single
chained compounds: an equimolar mixture of dodecylsulfate
DS and dodecyltrimethyammonium DTA. In that work,
we analyzed the nature of the surface solvation of single
surfactant pairs and the adsorption of surfactant films at in-
termediate coverages as well. One of the most important
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conclusions that we could draw from this preliminary study
is that the gross features of the structure of the surfactants at
low coverages can be described in terms of a partially
screened, two-dimensional, simple Coulomb fluid. In an ef-
fort to provide a more comprehensive description of the be-
havior of these insoluble monolayers over the whole surface
concentration range, the present work complements the pre-
vious one and focuses on equilibrium and dynamical aspects
pertaining to the adsorbed film and the underlying water sub-
strate.
The organization of the work is as follows. Details of the
simulation procedure and model are briefly described in
Sec. II. The equilibrium results of the work are presented in
Sec. III, while Sec. IV contains information about the dy-
namics of the interface. Finally, the main conclusions are
presented in Sec. V.
II. MODEL AND SIMULATION PROCEDURE
The model and simulation procedure adopted to perform
the molecular dynamics experiments were similar to the ones
described in our previous paper.23 So, for the sake of conci-
sion, we will present here only a brief overview of the main
details and refer the interested reader to Ref. 23 for a more
comprehensive presentation.
Simulation experiments began by distributing equal
amounts, Ns=13, of DS CH3CH211OSO3− and DTA
CH3CH211NCH33+ ions on top of one of the two air/
water interfaces of a previously equilibrated aqueous slab,
containing Nw=648 water molecules. This substrate was
originally generated from a fully periodic system of volume
28.0628.624.95 Å3, in which periodic boundary condi-
tions were suppressed along the shortest axis of the simula-
tion box hereafter referred to as the z axis. With these di-
mensions, the resulting area per surfactant headgroup was
s
−1=30.3 Å2. This degree of coverage is approximately
twice the one investigated in our previous study23 and corre-
sponds to the estimated value of the saturated monolayer
reported in Ref. 13.
The dynamical trajectories corresponded to microca-
nonical runs at temperatures close to T298 K. At this tem-
perature regime, the interfaces were stable and no significant
evaporation was observed. All simulation runs were pre-
ceded by a second thermalization period of 0.2 ns, during
which only the surfactant tails were allowed to move at T
700 K; after that, the systems were gradually cooled down
to ambient temperature, during a subsequent time interval of
0.2 ns. Statistics were collected during equilibrium trajecto-
ries typically lasting 5 ns. Full details of the force fields
and treatment of long-ranged forces can be found in Ref. 23.
III. STRUCTURE AND POLARIZATION
A. Surfactant monolayer and water substrate
The starting point of our analysis will be the consider-
ation of the local densities of the different components which
are present at the surfactant coated interface of the slab. For
the water case, we focused our attention on the number of
water molecules per unit of area A at the xy plane, with their
oxygen sites lying between z and z+dz,
wzdz =
1
Ai=1Nw Zi − Zc.m. − z	dz , 1
where 
¯ denotes an equilibrium ensemble average and Zi
and Zc.m. represent the z coordinates of the ith water oxygen
and the center of mass of the water slab, respectively. The
plot of wz is shown in top panel of Fig. 1. Two regions are
clearly perceptible: a central portion of the slab, near z0,
where the density is rather uniform and close to the usual
bulk water value b=0.033 Å−3. In addition, one also ob-
serves a lateral interface, where the decay in density takes
place over a lengthscale of a few angstroms. The latter pro-





1 − tanh z − z̄w
zw
 . 2
Nonlinear fits of the decay yield an interface width zw
=2.6 Å, a value that is approximately twice the one of the
bare interface zw1.4 Å.
23
Surface spatial correlations involving different surfactant
segments were analyzed using correlation functions involv-
ing the ionic headgroups HD and the methylene groups in
the hydrophobic tails TL. More specifically, for each sur-




 − Zc.m. − z	 . 3
In the previous equation, zi
 denotes the z coordinate of the 
site in the ith surfactant =HD,TL. For head contribu-
tions, we included positions of all sites embodied in the
–SO3
− and the –NCH33
+ groups; for tail correlations, we
considered the positions of the 11 CH2 sites and that of the
distal CH3 group as well. Headgroup distributions are also
shown in Fig. 1 and exhibit Gaussian profiles of the type
FIG. 1. Top panel: water local density thick solid lines, left axis and
probability densities right axis for the surfactant groups. DTA head and tail
groups are shown with dotted and thin solid lines, while DS head and tail
groups are shown with dashed and dot-dashed lines. The inset contains
results for the bare interface black circles and for intermediate surfactant
coverages open circles taken from Ref. 23 z coordinates represent dis-
tances to the corresponding Gibbs dividing surfaces. Bottom panel: polar-
ization density of the water slab.
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Pz   4

2 1/2 exp− 4z − z̄22  . 4
Estimates for the different group positions relative to the
location of the interface can be readily expressed in terms of
= z̄− z̄w. Results for  appear in Table I; similarly to what
was reported at lower coverages23 and in accordance with
experimental evidences,25,26 cationic surfactant headgroups
“plunge” deeper into the aqueous substrate than the head-
groups of the anionic surfactant. Anyhow, the extent of the
overall penetration is not significant and much less marked
than the one observed at intermediate surface coverages.
Note that the cationic headgroups practically lie at the Gibbs
dividing surface, while the anionic groups are located 1 Å
outward from this position. In addition, anionic and cationic
headgroup distributions show narrower widths expressed in
terms of HD at higher surface coverages see entries in
Table I. More interesting is the fact that the resulting fluc-
tuations in the local density of the aqueous substrate look
much less pronounced at high surfactant coverages than at
intermediate ones. In the inset of Fig. 1, we show zoomed
plots for the density profiles at the vicinity of the Gibbs
dividing surfaces of bare, mid-, and full-covered interfaces.
Clearly, deviations from mean-field predictions do not follow
a monotonous surfactant density trend and are much more
marked in the midcoverage regime.
Tail distributions are accordingly displaced to the head
shifts described in the previous paragraph and look similar—
except perhaps for a somewhat “flatter” central region—to
their headgroup counterparts. Although tail locations with
respect to the interface do not considerably charge with the
degree of coverage, we did observe clear distinctions in their
overall structures. In Fig. 2, we present results for the tilt
distributions,
Pcos 	tl = 






In the previous equation, rtl=rCH3 −rCH2 is the tail vector
joining the methylene group closest to the head and the distal
methyl group, while ẑ is a unit vector along the z direction.
Averages over these distributions are also presented in Table
I 
cos 	tl. Although the latter values are still comparable, a
direct inspection of the plots reveals that packing effects pro-
mote more localized distributions at high coverages. More-
over, there is a clear change in the prevailing interactions
determining the overall structure of the surfactants: at low
coverages, tail-water substrate interactions seem to be the
relevant contributions to the interfacial solvation of the de-
tergents, while at high coverages, tail-tail interactions domi-
nate the energetics of the solvation not shown. Figure 3
includes two snapshots of instantaneous configurations of the
interface at intermediate and full coverage regimes where
these distinctive features are self-evident.
We also analyzed the local polarization of the interface










In the previous equation, i represents the dipole moment of
the ith water molecule. The results are shown in the bottom
panel of Fig. 1. Note that, although there is no net charge at
the interface, the presence of the surfactant mixture still pro-
motes a net dipolar alignment at the surface. As such, the
positive sign in the polarization profile would suggest that
the DS headgroups are able to promote a larger extent of
alignment of the water substrate than the DTA ones. Yet, the
magnitude of the net polarization is rather small; by combin-
ing the results of both panels, one can estimate the average
TABLE I. Solvation parameters for superficial solvation of catanionic sur-














DS 13 1.7 8.0 3.7 9.5 0.71 15.1
5a −2.6 3.0 5.2 8.0 0.55 13.2
DTA 13 0.2 6.8 4.5 10.4 0.72 14.1
5a −3.6 2.7 5.2 10.0 0.70 11.0
aTaken from Ref. 23.
FIG. 2. Tilt distributions of catanionic mixtures of surfactants at s
−1
=30.3 Å2 white symbols and s
−1=78.7 Å2 black symbols. DS DTA
data are shown in circles triangles.
FIG. 3. Color Snapshots for typical configurations of catanionic mixtures
adsorbed at water/air interfaces with different surface coverages: a s
−1
=78.7 Å2 and b s
−1=30.3 Å2.
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value of the individual dipole orientation 
	i70° in pass-
ing, we recall that at bare interfaces,27 
	i90°. We further
investigated additional aspects related to polarization fluc-
tuations of the interface whose descriptions we prefer to
postpone, for the purposes of clarity, to the next section.
B. Water-surfactant correlations
The sole characterization of the interface structure ex-
pressed in terms of the values of zw is rather incomplete.
We pointed out that the average positions of the surfactant
headgroups in the mixture are shifted along the z axis, so it is
reasonable to infer that this should lead to fluctuations of the
overall roughness of the interface over surface “patches”
with characteristic lengthscales of the order of s
−1/2
5–6 Å.
In order to gain a deeper understanding of the character-
istics of such fluctuations and of the water structure in the
close vicinity of the headgroups, we found it convenient to
perform a local analysis based on water-surfactant spatial
correlations. In this context, the usual starting point is the








rw − rHD − r	 . 9
In the previous equation, the indices  and  denote sites in
water w and surfactant headgroups HD, respectively,
while  represents the density of site  in the bulk O
=0.5H=b. Results for correlations of a few relevant head-
group sites are shown in the top and bottom panels of Fig. 4.
From the direct inspection of the magnitudes of the main
peaks, it is clear that DS is able to promote a larger extent of
structuration in the neighboring water. A more detailed
analysis shows that the surface solvation of the DS is domi-
nated by 1.7 hydrogen bonds of the type Hw¯O1h here
1h stands for oxygen sites in the –SO3 group. These tightly
bound water molecules seem also to be the ones contributing
to the main peaks, involving S and the ether oxygen sites
O2h in the surfactants, both located at r3.8 Å. On the
other hand, the structure of water surrounding DTA head-
groups is characterized by much broader Ow–CH3 and
Hw–CH3 peaks, both centered at 3.5 Å, including 6 and
12 sites, respectively. In this respect, the structure around
the portion of the CH3 groups exposed to the water substrate
resembles—at a qualitative level—the one observed in the
solvation of simple hydrophobic solutes, such as methane, in
bulk water.
The radial correlations shown in Fig. 4, although physi-
cally meaningful, do not exhibit the usual asymptotic behav-
ior at large distances corresponding to the homogeneous fluid
i.e., g1 since they do not capture the correct sym-
metry of the surface environment. One can consider a
complementary analysis from a different perspective, which
incorporates a more adequate description of the local inho-
mogeneities prevailing at the interface. The key element of
this alternative relies on a tessellation of the water substrate.
The main idea of the procedure is conceptually simple and
has been thoroughly described in Ref. 28. Briefly, the proce-
dure involved the following steps: i S and N atoms in all
headgroups were brought to an arbitrary plane, by shifting
their z coordinates hereafter denoted as ZHD
 ; ii the latter
plane was tessellated by assuming that the positions of the
headgroups corresponded to centers of Voronoi polygons;
iii these polygons were considered as sections of “colum-
nar” water domains across the slab, oriented along the z axis.
These domains, in turn, allowed an appropriate tagging of
the water substrate, with molecules “associated” with either
surfactant species.
In the top panel of Fig. 5, we present the profiles of the




Ai=1 Zi − ZHD − z	 . 10
The previous equation is similar to Eq. 1 except that now,
Zi
 and A represent the z coordinates of the water oxygen
sites and the area of the Voronoi polygons associated with
the =DS and DTA headgroups, respectively.
The DTA and the DS curves present several common
features with their counterparts shown in Fig. 4. In particular,
DS headgroups are able to promote a larger extent of struc-
turation in inner parts of the substrate, down to “depths” of
3–4 water diameters. Note that the profile for these do-
FIG. 4. Pair correlation functions between water and different detergent
sites in catanionic mixtures see text.
FIG. 5. Top panel: water local density across tessellated substrate domains.
Bottom panel: same as top panel for polarization density. Results for DS
DTA domains are shown with solid dashed lines.
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mains presents at least three well resolved and equally
spaced peaks, while the one associated with DTA presents
only two. In addition to the obvious differences in the charge
distributions and eventual steric effects that determine the
characteristics of each water-headgroup correlation functions
at short distances, we are led to believe that the responses of
the interface should also be affected by the local values of
wz. We recall that DS exhibits less penetration into the
water substrate, a fact that, in turn, would allow stronger
responses of the interfacial water molecules to the Coulomb
fields generated by its headgroups. On the other hand, the
extent of the response of the water molecules in the closest
solvation shells of DTA headgroups should necessarily be
tempered by the stronger water-water interactions prevailing
at deeper and denser aqueous substrates. Incidentally, we
also point out the existence of a much smaller peak in the
DTA profile located in the positive portion of the z axis,
which corresponds to a few water molecules bound to head-
groups from outer positions.
A similar classification can be performed in the analysis
of the local polarization fluctuations. In this case, the differ-
ences between positively and negatively charged headgroups
are more dramatic. In the bottom panel of Fig. 5, we present















In the previous equation, the supraindex  refers to water
dipoles lying in substrates of type . As expected, cationic
and anionic headgroups promote dipolar alignments of oppo-
site signs; however, the magnitude of the surface polarization
response in the vicinity of DS groups is much more marked
than the one observed in DTA domains. Although it is well
known that the polarization response to external fields in
bulk water is sign dependent, we are led to believe that the
observed differences should have a similar origin to the one
already mentioned when we examined density responses. To
provide quantitative estimates, the areas of the main peaks of
the two distributions differ in a factor of approximately 5:

cos 	DS0.55 and 
cos 	DTA−0.09.
IV. INTERFACE DYNAMICS
In what follows, we will focus on several features related
to the dynamics of the water substrate in close contact with
the surfactant mixture. In this context, perhaps one basic
question to be answered is how fast does an interfacial water
molecule travel compared to the one located in the bulk. For
clean interfaces, it is known that water molecules at liquid/
vapor interfaces diffuse between two and three times faster;
moreover, the diffusion coefficient at the interface is inher-
ently anisotropic, being the value along parallel directions
D 0.8 Å2/ps somewhat larger than the one computed
along perpendicular directions D0.5 Å2/ps.
30 For inter-
faces hosting surface active molecules with net charge, the
scenario changes and conventional wisdom states that prac-
tically all dynamical modes of the substrate become signifi-
cantly retarded.31
The usual strategy to analyze interfacial dynamics relies
on the consideration of a series of regions parallel to the
plane of the interface, with widths of the order of a few
molecular diameters.32 This partition allows the tagging of
water molecules according to their instantaneous locations.
As such, one considers temporal correlations ascribed to
these regions, whose implications remain physically sound,
provided that the resulting characteristic decay time scales
are much smaller than res the average residence times of the
molecules in each region. We pointed out in the previous
section that, besides the overall interface width z computed
from the decay of wz shown in Fig. 1, the interfacial land-
scape is modulated by local fluctuations promoted by the
different degrees of penetration of the surfactant mixture into
the substrate; moreover, we also found that the latter fluctua-
tions prevail over lengthscales which are comparable to z.
Under these circumstances, the proper identification of inter-
facial regions is not totally straightforward. Our criterion to
define these regions was guided by the consideration of the
profiles shown in Fig. 5 obtained from the tessellation pro-
cedure. More specifically, water molecules at the interface
were discriminated according to their individual values of
Zi=Zi
−ZHD
 as follows: i region I corresponded to water
molecules in very low density environments Zi0; ii
water molecules in region II corresponded to those included
in the main peaks shown in the top panel of Fig. 5; iii
finally, in region III, we included water molecules in the
corresponding second solvation shells of the headgroups.
With this definition, the resulting res
 for the three regions
computed from the long time decays of the following corre-











were of the order of 50–100 ps for the three regions see
entries in Table II. In the previous equation, O=O− 
O
and the characteristic function i
t equals 1 if the ith water
molecule lies in region  at time t and zero otherwise.29
For each region, estimates for the diffusion along direc-
tions parallel to the interface were obtained by computing the
root mean square displacement along the xy plane, namely,30









I 0.045 60 res
II 0.079 106 75
III 0.16 50 9.4
“Bulk”a 0.23 ¯ ¯
aComputed at the center of the slab.
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2t − t = 




The time dependence of the R2t for water lying at different
regions is shown in the top panel of Fig. 6, while the corre-
sponding results for D
 appear in Table II. The general trend
of the plots reveals gradual reductions of the translational
dynamics as we approach the surfactant groups. Starting
from a value of D 0.15 Å2/ps for region III somewhat
smaller than the one for bulk SPC/E, Dbulk=0.25 Å
2/ps, the
water diffusion at the outer regions gradually diminishes to
D 0.08–0.04 Å2/ps. The slowness in the water displace-
ments is the result of the strong coupling with the nearby
headgroups, although the values of D are still between three
and four orders of magnitude larger than the lateral diffusion
of the headgroups Dheads10−5 Å2/ps. As a side remark,
we would like to briefly comment on an attempt that we
performed to get a rough appraisal of the perpendicular dif-
fusion of water at the interface. At the most basic level of
calculation, such an estimate could be inferred from the con-
sideration of , the region widths, and the corresponding
residence times, namely, D
 
2 /2res
 . As found in the case
of the bare interface, our simulation experiments yielded val-
ues of D
 which were comparable to those of D
; however,
we found that slight changes in the definition of the region
boundaries would lead to non-negligible changes in the re-
sulting values of D
 . Given these circumstances, we did not
proceed further and concluded that these crude estimates al-
lowed us to establish neither conclusive trends in the magni-
tudes of D
 at different regions nor physically meaningful
comparisons of the type D
 vs D
.
Before closing the presentation of the results, we will
briefly comment on orientational correlations of the water
molecules within different regions of the substrate. In the
bottom panel of Fig. 6, we show results for individual
dipole-dipole time correlations functions,
C








Estimates of the corresponding characteristic times 
 ex-
pressed in terms of time integrals of C
t also appear in
Table II. The observed rotational dynamics is accordant with
the previously described behavior of the translational modes,
i.e., a clear tendency toward more retarded motions as we
approach the headgroups from the bulk. Note, finally, that
this trend does not appear in the initial, inertial period where
the decay of the water molecules in the more external shell is
the fastest see inset in Fig. 6. As a possible explanation, we
are led to believe that the latter feature might be associated
with free librational motions of water molecules in low den-
sity environments which are likely to evolve much faster in
outer regions than in deeper and denser regions of the water
slab. As time progresses, these dynamical features should
give place to rotational motions with a more marked diffu-
sive character, modulated by much slower headgroup modes.
V. CONCLUDING REMARKS
The results presented in this paper extend our previous
analysis on the characteristics of catanionic surfactants ad-
sorbed at water/air interfaces to the full surface coverage
regime. The general picture that emerges from both studies
can be summarized as follows. The adsorption of catanionic
surfactants leads to important modifications in the structure
of an—originally bare—interface. The magnitude and char-
acteristics of these modifications are very dependent of the
degree of coverage. At low and midcoverages, the two-
dimensional density fields describing the adsorption of the
surfactant species normally present large fluctuations, due to
the strong Coulomb coupling between the different charged
headgroups. The resulting structure of the detergents can be
portrayed as clustered domains, with eventual percolative be-
havior, in which the hydrophobic tails remain practically in
contact with the aqueous substrate. As such, the prevailing
interactions determining the structure of these surfactant do-
mains are those involving head-head and tail-substrate con-
tributions. The presence of these surfactant “patches,” in
turn, also modify the local structure of the water substrate in
close contact with the surfactant headgroups. The character-
istics of these local modifications are dictated to a large ex-
tent by the different degree of penetration of cationic and
anionic surfactant headgroups into the aqueous phase. Ex-
pressed in terms of the equilibrium positions of the head-
groups, DTA detergents are localized approximately 1 Å
deeper into the substrate than DS ones.
At high surfactant coverages, the previous scenario
changes at a qualitative level. Packing effects lead to more
uniform density profiles for the surfactants and the aqueous
domains as well. At a first glance, the structure of the surfac-
tant mixture does not substantially differ from what one per-
ceives in more conventional, one component ionic saturated
monolayers. Tail-tail interactions become much more domi-
FIG. 6. Top panel: root mean square displacements for water molecules in
different substrate layers see text. Bottom panels: dipole-dipole autocorre-
lation functions for water molecules in different substrate layers. Long and
short time behaviors are displayed in panels a and b, respectively.
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nant and the observed tilts are close to 	tl45°. Similarly to
the behavior observed at low surface coverages, DS and
DTA exhibit differences in their corresponding locations with
respect to the Gibbs dividing surface of the interface, al-
though packing effects restrict the extent of the overall pen-
etration of both headgroups which lie more externally with
respect to the aqueous phase. As a direct consequence, the
magnitude of the roughness induced in the underlying water
substrate appears somewhat milder. Interestingly, an analysis
based on a tessellation of the substrate reveals the presence
of local domains all across the plane of the interface, asso-
ciated with the locations of the surfactant headgroups; more-
over, the magnitude of the local density and polarization
fluctuations in DS domains look more enhanced than in DTA
ones. This enhancement would be the direct consequence of
the more external localization of the DS headgroups with
respect to the plane of the interface. As such, as the local
density of the substrate becomes smaller, the water mol-
ecules in close contact with DS headgroups would respond
more “freely” to external Coulomb fields than those located
in deeper layers of the substrate.
Finally, and from the dynamical side, we have computed
estimates for the diffusion coefficients of water molecules
adjacent to the interface. At full coverages, and as we move
from the bulk into the interfacial region, there seems to be a
global reduction in the diffusion along parallel directions to
the interface plane by factor of 4–6. This retardation in the
diffusion is akin to the well documented dynamical behavior
observed in “trapped” water in the vicinity of complex bio-
logical molecules, although our estimates for D are still not
comparable to the diffusive behavior of the surfactants
which are between two and three orders of magnitude
slower. Similar general trends were also observed in the
rotational modes of the water molecules lying in close con-
tact with the surfactants.
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